In this chapter, I shall summarize the main results of the thesis and point to the directions towards future work. First, I shall discuss the results on the EMG based recognition of six grasp types used during 70% of dla. Then, I shall summarize the results on the biomimetic hand with EMG based grasp emulation followed by the BSI for prosthetic hands. This summary leads to the issues to be encountered for future research and discussed in the final section.
Conclusions
In recent years, much research has been done in the area of rehabilitation robotics worldwide. I have presented a general understanding of the field and particular insight into the lines of research in Chapter 1, which originated and inspired the work undertaken in this thesis. The literature review starting from EMG based grasp recognition towards the control of a prosthetic hand grasping reveals that a biomimetic hand with EMG based grasp emulation holds promise.
This research highlighted some of the important issues involved in successful use of prosthetic hands as if it were a natural part of the body. Present prosthesis (both commercial and research prototypes) are far from the natural counterparts in terms of both EMG based control and functional geometry. Further, they are non-intuitive being controlled through dissociate muscle remnants action or higher number of EMG channels. The work reported in this thesis focused on the development of a biomimetic hand with EMG based grasp emulation. Development of such a hand involves the 7.1 Conclusions recognition of grasp types used during dla as well as a biomimetic hand development inspired by human hand anatomy. I have concentrated on the recognition of six grasp types; power, palm-up, oblique, hook, pinch and precision based on EMG signals.
These six grasps are of significance as they are used during 70% of dla. A biomimetic hand mimicking the functional geometry i.e. both static and dynamic constraints of the human hand was developed.
EMG based Grasp Recognition
The material and methods followed for acquisition of EMG signals were discussed in Chapter 3. An experimental protocol for acquisition of EMG signals from the resting state of the hand to grasping state followed by the releasing the grasp and returning to the rest has been presented. The chapter discusses three grasp recognition architectures and initial experimental results were presented. In architecture-I, six grasp types under study have been recognized with an average recognition rate of 77%. The classification was through a SVM classifier followed by a FFT classifier. In the grasp recognition architecture-II, classification was done in a single step through a linear kernel SVM and an average recognition rate of 80% and 84% were achieved using CWT and DWT fea- • SWC is established as a primal feature for classification of grasp types.
EMG based grasp recognition result comparable to that reported in the literature is presented in Chapter 4. This chapter focuses on the derivation of a low dimensional yet informative and distinguishing feature set to significantly increase the performance of low channel EMG based grasp types recognition. Grasps classification experiments have been carried out with four groups of features: TD, FD, TFD and PCA of TFD features in quest of an efficient feature set for higher recognition rate. The transition 141 7.1 Conclusions from one feature set to another is based on the linear relationship of each feature set with the grasp types. It was based on the R 2 -value obtained through ANOVA. PCA of TFD features reported an average recognition rate 97.5% for the six grasp types under study based on two channel EMG. The reported result is better in terms of the number of EMG channels involved, number of grasp types and the recognition rate as presented in Table 4 .16 in Chapter 4.
A Biomimetic Hand with EMG based Grasp Emulation
The development of a biomimetic hand inspired by human hand anatomy is reported in Chapter 5. The prototype has been developed following a biomimetic approach inspired by human hand anatomy. It mimics the human hand in its form satisfying the static and dynamic constraints. This results into a BSI of 0.96; which is the highest among the BSI of five fairly established prosthetic hands as elaborated in Chapter 6.
Further, the dynamic constraints have been considered for tendon actuation in the hand as stated in section 5.2.1.1. This is subsequently used in the control of the hand. A two layered control architecture: SHC and LHC is presented in Figure 5 .4. SHC is for the recognition of the grasp types attempted by the user based on the EMG signals.
The LHC emulate the identified grasp type in Prototype 1.0. Prototype 1.0 follows the human-like finger joint trajectories and ensures stable grasping operations.
A Biomimetic Similarity Index
An index for comparative evaluation of the available prosthetic hands with reference to the human hand is of importance. Towards the end of this research, a BSI for evaluation of the prosthetic hands in terms of anthropomorphism is proposed in Chapter 6. 
Future Work
There remain many avenues for further research. Some of the issues to be explored for further improvement of Prototype 1.0 concern with the EMG based grasp recognition whilst others may lead to the application of Prototype 1.0 as a prosthetic hand for amputees.
Further evaluation of the EMG based Grasp Recognition

Use of Different Classifier
As presented in Chapter 3 and 4, the work concentrated on EMG based grasp classification through SVM. ANN, FL based classifiers are the most used method in classifying the EMG signals. Even though the developed grasp recognition system has shown its usefulness in classifying the EMG signals, a further evaluation using ANN, FL based classifiers is needed. In addition to this, a neuro-fuzzy classifier could also be investigated as it is a combination of ANN and fuzzy logic and may improve the system performance. All these methods would require training data from the individual user of the system which is a disadvantage.
Use of Different Data Sets
In the work presented in this thesis, the system was tested with EMG data from normal healthy subjects. It is expected that there will be not much difference in the system performance between healthy people and people with amputation based on the research 143 7.2 Future Work findings reported in (8). However, for final implementation of the prototype as a prosthesis, study on the grasp recognition system that uses amputees EMG from their remnant muscle is needed.
Implementation into a Microcontroller
A biomimetic hand prototype with EMG based grasp emulation: Prototype 1.0 has been developed. It is very important to implement the EMG based grasp emulation system in a microcontroller for a real time application to provide a practical and small system.
The most critical part is to implement the EMG based grasp recognition architecture into a microcontroller. In addition, it should be accompanied with the miniaturization of the driver circuit so that the complete system can be fitted into an artificial slave.
One of the challenges in this is to use a power supply (i.e. battery) of smaller size as well of longer back-up. Another task to be completed for real time application is to use a skin-covering to imitate the natural aesthetic. A dedicated clinical trials with the amputees is one of another important aspects so that the prototype can reach the end user with a good warranty.
